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BLNK: Connecting Syk and Btk Review
to Calcium Signals
be controlled at multiple levels, including the molecular
events between the immune receptors and PLC-g.
T cells mainly express the PLC-g1 isoform, while PLC-
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Institute for Liver Research
Kansai Medical University g2 is predominantly expressed in B cells (Figure 1). Initial
biochemical data demonstrated that the immune recep-Moriguchi 570±8506
Japan tor±mediated induction of PLC activity occurs as a result
of the tyrosine phosphorylation of PLC-g1 or -g2 (Weiss²Department of Molecular Medicine
Osaka University Medical School et al., 1991; Coggeshall et al., 1992). In accordance with
this notion, both Syk and Tec family PTKs appear to beOsaka 565±0871
Japan obligatory components in PLC-g activation that follows
immune receptor cross-linking. IP3 production and cal-
cium mobilization, which reflect PLC-g activation, are
In the past two decades, significant advances have been almost completely abolished in Syk-deficient DT40
made in understanding the signal transduction events chicken B cells (Takata et al., 1994) or Zap-70-deficient
that follow the engagement of immune receptors such Jurkat T cells (Williams et al., 1998) (See Figure 1 for a
as B cell receptor (BCR) and T cell receptor (TCR). Early description of the molecules involved in BCR- and TCR-
experiments focused on the receptors themselves and mediated PLC-g activation). A genetic experiment using
their associated cytoplasmic protein tyrosine kinases DT40 B cells also demonstrated that the deletion of the
(PTKs). It is only in the past few years, however, that an btk gene, which is the predominantly expressed Tec
understanding has begun to develop of how these PTKs family PTK in B cells, led to a loss of BCR-induced PLC-
mediate downstream signaling events. This mechanism g2 activation (Takata and Kurosaki, 1996). Consistent
involves the action of adaptor molecules, which has led with these observations, the reduced levels of BCR-
to the realization that adaptor molecules may integrate induced IP3 production and calcium mobilization are
the actions of two distinct PTK families into downstream seen in B cells from X-linked agammaglobulinemia pa-
effectors. In this review, we discuss the most recent tients, who have defective btk genes (Fluckiger et al.,
studies on an adaptor molecule, BLNK (also known as 1998). Similarly, TCR-induced calcium signaling is sig-
SLP-65 or BASH), in B cells, in an attempt to put these nificantly impaired in T cells from itk knockout mice
studies into the phosphoinositide-calcium signaling (Liu et al., 1998) and is further diminished by a double
context. Finally we suggest that the paradigm learned knockout of itk and rlk (Schaeffer et al., 1999), both of
in B cells may be applicable to other cells including T which are Tec family PTKs expressed in T cells (Figure
cells. 1). These results have established the critical role of the
Syk and Tec family PTKs in immune receptor±induced
PLC-g activation.Involvement of Syk and Tec Family PTKs
in Calcium Signals
Calcium signals are required to initiate several types of BLNK: Recruitment of PLC-g2 and Btk
transcriptional events and growth responses such as Until recently, the molecular mechanism underlying the
proliferation and apoptosis. The spatiotemporal charac- double requirement for both Syk and Tec family PTKs
teristics of these calcium signals, which may be tran- in PLC-g activation remained unclear, but data emerging
sient, sustained, or oscillatory, are important determi- from several laboratories suggest that two newly identi-
nants, and in turn regulate the selectivity of transcription fied adaptor molecules, BLNK and SLP-76, play key
factors (Berridge et al., 1998). In most eukaryotic cells, roles in integrating the actions of these two PTK families
calcium signals are triggered by the second messenger into PLC-g activation in hematopoietic cells. BLNK is
inositol-1,4,5-trisphosphate (IP3), the product of the expressed in B cells (Fu et al., 1998; Goitsuka et al.,
action of the phospholipase C (PLC)-g enzyme on 1998; Wienands et al., 1998), while SLP-76 is expressed
phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P2) lo- in T cells, NK cells, mast cells, macrophages, and plate-
cated in plasma membrane. IP3 binds IP3 receptors lets (Jackman et al., 1995) (Figure 1).
located in the endoplasmic reticulum (ER), thereby stim- The possibility that BLNK might be involved in PLC-
ulating the release of calcium from internal stores. Once g2 activation was suggested by the finding that BLNK,
these calcium stores are emptied, the entry of external when tyrosine phosphorylated upon BCR ligation, is ca-
calcium is activated through so-called store-operated pable of binding to the SH2 domains of PLC-g2 (Fu et
calcium channels (SOCs) in the plasma membrane. The al., 1998) (Figure 1). As the PLC-g2 SH2 domains are
sequential activation of calcium release from both inter- essential for coupling BCR to PLC-g2 activation (Takata
nal and external stores allows hematopoietic cells to et al., 1995), this finding appeared to satisfy one criterion
maintain a prolonged elevation of cytoplasmic calcium for the assumption that BLNK is a direct connector to
(Scharenberg and Kinet, 1998; Patterson et al., 1999; PLC-g2 activation. Furthermore, the evidence that BLNK
Yao et al., 1999). Thus, calcium signaling is likely to is tyrosine phosphorylated by Syk (Fu et al., 1998) sug-
gests the scenario that after being phosphorylated by
Syk, BLNK provides the docking site for the PLC-g2 SH2³ To whom correspondence should be addressed (e-mail: kurosaki@
mxr.mesh.ne.jp). domains. Recent studies using BLNK-deficient B cells
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Figure 1. Signaling Molecules in B and T Cells
Rlk resembles other Tec family PTKs, except that it lacks the PH domain. LAT and Gads appear to be expressed predominantly in T cells.
Neither BLNK nor SLP-76 has enzymatic activity, but they both bear a number of domains that dictate interactions with other proteins. These
include a C-terminal SH2 domain, a proline-rich central domain, and an acidic N-terminal region that contains several tyrosines. These two
proteins have only 33% homology overall. Both the PLC-g1 and -g2 isoforms contain conserved catalytic subdomains (X and Y), separated
by two SH2 domains and one SH3 domain, and an additional PH domain that is split by the SH domains (reviewed in Rhee and Bae, 1997).
support this model. Despite a normal overall tyrosine in the heterologous transfection system when its SH2
domain was mutated (Hashimoto et al., 1999).phosphorylation pattern, BCR-induced PLC-g2 tyrosine
phosphorylation and IP3 production were completely ab-
rogated in BLNK-deficient B cells (Ishiai et al., 1999). How Is PLC-g Activated?
In Syk-deficient B cells, both PLC-g2 phosphorylationThe next question that must be resolved is the mecha-
nisms involved in the connection between Btk and PLC- and IP3 production are almost completely abolished (Ta-
kata et al., 1994). In contrast, a relatively small decreaseg2. The idea that Btk, like Syk, participates in BLNK
phosphorylation was first thought to account for the in PLC-g2 phosphorylation was observed in Btk-defi-
cient B cells despite the almost complete loss of IP3requirement for a Tec family PTK. However, this was
shown to be unlikely. An apparently normal level of BLNK production (Fluckiger et al., 1998). Given the evidence
that multipe tyrosine residues on PLC-g are phosphory-phosphorylation upon BCR ligation was observed in
Btk-deficient B cells (Fu et al., 1998), demonstrating that lated upon stimulation of receptor-type PTKs (Kim et
al., 1991), the simplest interpretation of the differenceBtk utilizes a different mechanism for PLC-g2 activation
than Syk does. The initial clue to this mechanism was in inhibition of PLC-g2 tyrosine phosphorylation by the
loss of Syk or Btk is that these two types of PTKs mediateobtained by mutational analysis of Btk, which indicated
that both the pleckstrin homology (PH) domain and the phosphorylation of distinct tyrosine residues. This inter-
pretation assumes, however, that PLC-g2 is a directSH2 domain of Btk are essential for PLC-g2 activation
(Figure 1). The function of the Btk PH domain in PLC- substrate of both Syk and Btk. Because Btk is capable
of phosphorylating PLC-g2 in the heterologous transfec-g2 activation has been explained by its ability to bind to
phosphatidylinositol-3,4,5-trisphosphate (PtdIns-3,4,5-P3), tion system (Fluckiger et al., 1998; Hashimoto et al.,
1999), Btk appears to directly phosphorylate one ora product of phosphoinositide 3-kinase (PI3K). The
binding of the Btk PH domain to PtdIns-3,4,5-P3 en- more tyrosine residues that are critical for PLC-g2 acti-
vation. The residual PLC-g2 phosphorylation observedhances the translocation of Btk to the plasma membrane
and thereby promotes the activation of Btk by mem- in Btk-deficient cells might be attributable to Syk or to
other unidentified kinase(s) located downstream of Syk.brane-anchoring PTKs such as Lyn (Mahajan et al., 1995;
Rawlings et al., 1996; Scharenberg and Kinet, 1998). If the latter were true, Syk might participate directly
only in BLNK phosphorylation and provide BLNK withHow about the explanation for the role of the Btk SH2
domain? Recent identification of BLNK as one of the docking sites for both Btk and PLC-g2. Clearly, identi-
fying Btk-dependent and -independent phosphorylationmajor Btk SH2 binding proteins (Hashimoto et al., 1999;
Su et al., 1999) has inspired the novel idea that BLNK, sites on PLC-g2 and dissecting their roles in PLC-g2
activation will be important.phosphorylated by Syk, provides docking sites for Btk
as well as PLC-g2, thus bringing Btk into close proximity Despite the importance of tyrosine phosphorylation in
PLC-g activation, the molecular details remain unclear.with PLC-g2. The activated Btk then phosphorylates
PLC-g2, which leads to its full activation (Figure 2). Con- There are at least three possible ways that PLC-g might
be activated through tyrosine phosphorylation: (1) asistent with this model, the effect of Btk on PLC-g2
phosphorylation was found to be dependent on phos- phosphorylation-dependent allosteric change, leading
to enhancement of its enzymatic activity; (2) an inducedphorylated BLNK, and this Btk effect was abrogated
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Figure 2. Models for PLC-g Activation upon BCR or TCR Ligation
Top and bottom panels show the BCR and the TCR systems, respectively. Zap and SLP represent Zap-70 and SLP-76, respectively.
association of PLC-g with unidentified SH2-containing in T cells, it was thought that Grb2 might act as a bridge
components; and (3) enhanced accessibility of PLC-g between LAT and SLP-76. Indeed, Grb2 is able to bind
to its substrate, PtdIns-4,5-P2 (Goldschmidt-Clermont to the tyrosine-phosphorylated LAT and the proline-rich
et al., 1991). Additional mechanisms, independent of region of SLP-76 by using its SH2 domain and SH3
PLC-g tyrosine phosphorylation, are also reported to domain, respectively (Figure 1). However, as a recently
play roles in the control of PLC-g activity. These include cloned Grb2-like adaptor protein (known as Gads, GrpL,
PH domain±dependent recruitment of PLC-g to the or Grf40) (Figure 1) was found to associate with SLP-76
membrane (Falasca et al., 1998) and the autoregulation more tightly than does Grb2 (Asada et al., 1999; Law et
of PLC-g enzymatic activity by its intrinsic inhibitor re- al., 1999; Liu et al., 1999), Gads rather than Grb2 may
gion (Homma and Takenawa, 1992) (Figure 1). Thus, the connect SLP-76 to phosphorylated LAT in TCR signaling
relatively small decrease in PLC-g phosphorylation in (Figure 2).
Tec family PTK-deficient cells, compared with the pro- Because the cytoplasmic domain of LAT has the con-
nounced reduction in IP3 generation, may suggest that sensus motif for the binding to the SH2 domain of PLC-
Tec family PTKs utilize another mechanism for PLC-g g1 (Songyang et al., 1993; Weber et al., 1998; Zhang et
activation in addition to phosphorylation of PLC-g. al., 1998a), it has been proposed that in the case of T
cells, PLC-g1 is directly recruited to LAT but not to SLP-
76, where PLC-g1 is tyrosine phosphorylated and acti-PLC-g Activation in T Cells: Roles of SLP-76
vated. In support of this hypothesis, PLC-g1 was foundand LAT
to be recruited to LAT even in the absence of SLP-76Given the similarity of the activation mechanisms utilized
(Yablonski et al., 1998). Nevertheless, complete TCR-by BCR and TCR, it seems reasonable to assume that
mediated PLC-g1 phosphorylation and its activation re-B cell principles might be applicable to the T cell system.
quire SLP-76 (Yablonski et al., 1998), indicating that theIn addition to SLP-76, another adaptor molecule called
recruitment of PLC-g1 to LAT is necessary but not suffi-LAT (linker for activation of T cells) is found in T cells
cient for its full phosphorylation and activation. Although(Weber et al., 1998; Zhang et al., 1998a) (Figure 1). LAT
the precise molecular connection remains to be deter-is required for SLP-76 tyrosine phosphorylation and
mined, one possible explanation for the double require-subsequent calcium signaling in T cells (Finco et al.,
ment of LAT and SLP-76 is that the formation of a tri-1998; Zhang et al., 1999), while TCR-mediated LAT phos-
meric complex consisting of LAT, Gads, and SLP-76phorylation is not affected by loss of SLP-76 (Yablonski
renders LAT-associated PLC-g1 more susceptible to ty-et al., 1998), thus placing LAT upstream of SLP-76. LAT
rosine phosphorylation. Another possibility is that, givenis palmitoylated and is localized in specialized mem-
the requirement for a Tec family PTK in full PLC-g1brane fractions (known as rafts or glycolipid-enriched
phosphorylation and activation (Liu et al., 1998; Schaef-microdomains) before TCR ligation (Zhang et al., 1998b).
fer et al., 1999), Tec family PTKs such as Itk may beIt is tyrosine phosphorylated by Zap-70 upon receptor
recruited to the phosphorylated SLP-76 (Su et al., 1999)ligation (Williams et al., 1999). Since LAT was initially
identified as a binding protein for the Grb2 SH2 domain by virtue of Zap-70 (Wardenburg et al., 1996), which
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and Pollard, T.D. (1991). Regulation of phospholipase C-g1 by pro-could bring Itk into close proximity with the LAT-associ-
filin and tyrosine phosphorylation. Science 251, 1231±1233.ated PLC-g1. The activated Itk would then phosphory-
Hashimoto, S., Iwamatsu, A., Ishiai, M., Okawa, K., Yamadori, T.,late PLC-g1, leading to its activation and the subsequent
Matsushita, M., Baba, Y., Kishimoto, T., Kurosaki, T., and Tsukada,calcium mobilization. According to this scenario, as ini-
S. (1999). Identification of the SH2 domain binding protein of Bru-
tially proposed by Chan (Fu et al., 1998), T cells use ton's tyrosine kinase as BLNK-functional significance of Btk-SH2
LAT and SLP-76 for the recruitment of PLC-g1 and Itk, domain in B cell antigen receptor-coupled calcium signaling. Blood
respectively, while BLNK subserves both of these func- 94, 2357±2364.
tions in B cells (Figure 2). However, other possibilities Homma, Y., and Takenawa, T. (1992). Inhibitory effect of src homol-
ogy (SH) 2/SH3 fragments of phospholipase C-g on the catalytichave been put forward (Williams et al., 1999), and to
activity of phospholipase C isoforms; identification of a novel phos-substantiate these speculations, several issues need to
pholipase C inhibitory region. J. Biol. Chem. 267, 21844±21849.be resolved, including how the trimeric association of
Ishiai, M., Kurosaki, M., Pappu, R., Okawa, K., Ronko, I., Fu, C.,LAT, Gads, and SLP-76 comes about, whether Itk actu-
Shibata, M., Iwamatsu, A., Chan, A.C., and Kurosaki, T. (1999). BLNKally phosphorylates PLC-g1, and, more importantly,
required for coupling Syk to PLCg2 and Rac1-JNK in B cells. Immu-
what consequences result from deleting Gads. nity 10, 117±125.
Jackman, J.K., Motto, D.G., Sun, Q., Tanemoto, M., Turck, C.W.,
Peltz, G.A., Koretzky, G.A., and Findell, P.R. (1995). Molecular clon-Summary
ing of SLP-76, a 76-kDa tyrosine phosphoprotein associated withBLNK and LAT/SLP-76 have been identified as critical
Grb2 in T cells. J. Biol. Chem. 270, 7029±7032.
components of the phosphoinositide-calcium pathway
Kim, H.K., Kim, J.W., Zilberstein, A., Margolis, B., Kim, J.G., Schles-utilized by immune receptors. The role of BLNK in this
singer, J., and Rhee, S.G. (1991). PDGF stimulation of inositol phos-
pathway involves bringing two key molecules, Btk and pholipid hydrolysis requires PLC-g1 phosphorylation on tyrosine
PLC-g2, into close proximity with each other. This re- residues 783 and 1254. Cell 65, 435±441.
cruitment function depends on Syk-mediated tyrosine Law, C.-L., Ewings, M.K., Chaudhary, P.M., Solow, S.A., Yun, T.J.,
phosphorylation of BLNK. Therefore, BLNK represents Marshall, A.J., Hood, L., and Clark, E.A. (1999). GrpL, a Grb2-related
adaptor protein, interacts with SLP-76 to regulate nuclear factor ofa typical example of the adaptor molecules that play an
activated T cell activation. J. Exp. Med. 189, 1243±1253.integral role in bringing two distinct PTKs into the ef-
Liu, K.-Q., Bunnell, S.C., Gurniak, C.B., and Berg, L.J. (1998). T cellfector pathways.
receptor-initiated calcium release is uncoupled from capacitative
calcium entry in Itk-deficient T cells. J. Exp. Med. 187, 1721±1727.
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